ABSTRACT
of the mucosal bathing solution. Assuming that such changes are caused entirely by water fluxes across the apical membrane, the minimum value of its hydraulic permeability coefficient (Lp) was 1-3 x 10-3 cm-sec'-1(osmoles/kg)'1, suggesting that an osmolality difference across the apical membrane as small as 1-3 milliosmoles/kg could explain the average rate of transepithelial water transport. These results agree with optical measurements [ Accurate and rapid measurements of changes in cell volume can provide information about the mechanisms of water transport across cell membranes and of cell-volume maintenance and regulation. In combination with measurements of intracellular ionic activities, they allow estimation of net transmembrane ion fluxes with excellent time resolution. Cell volume measurements are particularly difficult in situ. An elegant computer-assisted video technique in which thin serial sections of the cell are measured has been applied to epithelial cells of gallbladder and isolated renal tubules (1) (2) (3) . However, this method imposes restrictions on the optical properties of the preparation, requires expensive equipment, and in flat epithelia is rather slow, allowing a measurement only every 
MATERIALS AND METHODS
Preparation and Solutions. Gallbladders were removed from anesthetized animals as described (4) and mounted apical (mucosal)-side-up in a chamber that allows for continuous separate superfusion of mucosal and serosal sides. The control physiologic salt solution (NaCl-Ringer's solution) had the following composition: 90 mM NaCl/10 mM NaHCO3/2.5 mM KCl/1.8 mM CaCl2/1.0 mM MgCl2/0.5 mM NaH2PO4; it was equilibrated with a 1% C02/99% air mixture and had a pH of about 7.65 and an osmolality ofabout 200 milliosmoles/kg. For Me'N' loading, NaCl was replaced with an equimolar concentration of Me4N cyclamate of Me4N sulfate (in the latter case, sucrose was added to maintain tonicity). Chloride removal during most of the period of exposure to nystatin was necessary to prevent cell swelling (5 (4, 6) . After Me4N' loading, the membrane voltages measured in several cells in the same preparation were essentially the same. Microelectrode construction and impalement validation were as described (7, 8) . K+-sensitive, liquid-membrane microeletrodes, such as the ones based on the exchanger potassium tetrakis (pchlorophenylborate), are known to be far more responsive to quaternary ammonium ions than to K+ (9 Exposure to nystatin caused dramatic falls in the cell membrane voltages and in the apparent ratio of electrical resistances of the two cell membranes (apical/basolateral, Ra/Rb), indicating an increase in ionic permeability of the apical membrane. These observations agree with those reported for rabbit urinary bladder epithelium (5 (Fig. 2) .
These results show that after removal of nystatin, the cation electrodiffusive permeabilities of the apical membrane (Lp) and the related osmotic water permeability coefficient (P., Lp RT/VW) of the apical membrane (where R, T, and V. are the gas constant, the absolute temperature, and the partial molar volume of water, respectively). In principle, provided that the reflection coefficient of the solute added to or removed from the apical surface is unity, Lp can be calculated from the ratio Jv/Ar, where Jv is the initial water flow [AVolceii/(areatime)] and AT is the change in osmotic pressure. Such analysis is not straightforward, however, for the following reasons: (i) The cell volume before the osmotic challenge must be known. (ii) The water flow causing the change in cell volume is assumed to occur only across the apical membrane; osmotic water flow might also occur across the junctions, changing the osmolality of the fluid in the lateral intercellular spaces; this would, in turn, alter cell volume by osmotic water flow across the lateral membranes. (iii) The change in osmolality at the cell surface is assumed to be instantaneous upon the solution substitution (an unlikely possibility) or its time course must be known; such a calculation is possible only when the effective thickness of the mucosal unstirred layer and the diffusion coefficient of the osmotic probe are known (see below). (iv) "Sweeping-away" effects [i.e., changes in solute concentrations on both sides of the membrane produced by the osmotic water flow (13, 14) ] must either be assumed to be small or, if not, must be calculated. (8) (13) , a major source of uncertainty in water-transport studies in flat epithelia is the presence of unstirred layers, which not only make it impossible to achieve an instantaneous change in osmolality at the membrane surface but also permit the development of sweeping-away effects. The contribution of the latter effects is diminished if the water flow (or AVOlcell) can be estimated rapidly and with small osmotic gradients, as with the technique described. However, the osmotic pressure difference at the cell surface must be known during the transient; i.e., the effective thickness of the unstirred layer (8) must be determined. From 8, the concentration (at the membrane surface) of the osmotic probe "instantaneously" added to or removed from the bulk solution can be estimated if its diffusion coefficient is known.
I have estimated 8 under experimental conditions similar to those shown in Fig. 3 , by the method illustrated in Fig. 4 Conclusions. In summary, I have described and illustrated a specific application of a method to measure, with electrophysiologic techniques, changes in cell volume. The main advantages of this method are excellent time resolution, independence of optical properties of the preparation, relatively low cost, and relative technical ease. Its main shortcoming may prove to be the difficulty in making the measurements in small cells. Alone or in combination with other intracellular or extracellular measurements, this method may be a useful tool in a number of areas of cellular physiology.
